Dihadron azimuthal correlations containing a high transverse momentum (pT ) trigger particle are sensitive to the properties of the nuclear medium created at RHIC through the strong interactions occurring between the traversing parton and the medium, i.e. jet-quenching. Previous measurements revealed a strong modification to dihadron azimuthal correlations in Au+Au collisions with respect to p+p and d+Au collisions. The modification increases with the collision centrality, suggesting a path-length dependence to the jet-quenching effect. This paper reports STAR measurements of dihadron azimuthal correlations in medium central (20-60%) Au+Au collisions at √ s NN = 200 GeV as a function of the trigger particle's azimuthal angle relative to the event plane, φs = |φt − ψEP|.
varies with φs, which is expected to be related to the path-length that the away-side parton traverses. The pseudo-rapidity (∆η) dependence of the near-side correlation, sensitive to long range ∆η correlations (the ridge), is also investigated. The ridge and jet-like components of the near-side correlation are studied as a function of φs. The ridge appears to drop with increasing φs while the jet-like component remains approximately constant. These results, with extensive systematic studies of the dihadron correlations as a function of φs, trigger and associated particle pT , and the pseudo-rapidity range ∆η, should provide stringent inputs to help understand the underlying physics mechanisms of jet-medium interactions in high energy nuclear collisions. 
I. INTRODUCTION
Collisions at the Relativistic Heavy Ion Collider (RHIC) of Brookhaven National Laboratory have created a medium with properties that resemble a nearly perfect liquid of strongly interacting quarks and gluons [1] [2] [3] [4] . This conclusion is based upon two pillars of evidence: (i) the strong elliptic flow and (ii) jet-quenching-suppression of high transverse momentum (p T ) single hadron yield and dihadron correlation in heavy-ion collisions relative to elementary p+p interactions. While suppression of high p T single hadron yields has limited sensitivity to the medium core, dihadron correlation measurements provide richer and more valuable information about the properties of the created medium [5] . There are several key observations that can be made from dihadron correlations with a high p T trigger particle. (i) The correlated hadron yield at high p T , while not much changed on the near side of the trigger particle (where azimuth difference between correlated and trigger particles |∆φ| < π/2), is strongly suppressed on the away side (where |∆φ| > π/2) [6] . This lends strong support to the partonic energy loss picture [7] [8] [9] . (ii) The correlated hadron yields at low p T are strongly enhanced on both the near and away side [10] . In particular, the near-side enhancement is tied to long-range correlations in pseudo-rapidity -the ridge [10] [11] [12] . (iii) The away-side correlation broadens from peripheral to central collisions, and exhibits double peaks for select trigger and associated particle p T ranges [10, 13, 14] . The double peak structure opens up a new opportunity to study the underlying physics mechanisms for partonic energy loss, such as gluon radiation [15, 16] or Mach-cone shock-wave excitation [17] [18] [19] [20] . Recent three-particle jetlike correlation studies indicate that the conical emission pattern of correlated hadrons is characteristic of Machcone shock-waves [21] . (iv) The away-side associated particles are partially equilibrated with the bulk medium in mid-central to central collisions, and a higher degree of equilibration is observed for particles which are more aligned back-to-back with the trigger particles [10, 13] . This observation underscores the connection between the medium's path-length and partonic energy loss.
We study the path-length dependence of partonic energy loss in detail in non-central collisions where the overlap region between the two colliding nuclei is anisotropic: the size in the reaction-plane direction is shorter than that perpendicular to it. The reaction plane (RP) is defined by the beam direction and the line connecting the centers of two colliding nuclei. It can be estimated in non-central collisions by determining the azimuthal angle with the highest particle emission probability, using the fact that the particles have an elliptic emission pattern. The estimated angle is called the event plane (EP) to emphasize that it is an experimental estimate of the reaction plane with finite resolution. By selecting the trigger particle direction with respect to the event plane, φ s = |φ t − ψ EP | (where φ t is the trigger particle azimuth and ψ EP is the event-plane azimuth), we effectively select different path-lengths through the medium that the away-side parton traverses, providing differential information unavailable to inclusive jet-correlation measurements.
Previously, the Solenoidal Tracker at RHIC (STAR) experiment has performed an exploratory measurement of azimuthal correlations at high p T with trigger particles in-plane (φ s < π/4) and out-of-plane (φ s > π/4) using non-central 20-60% Au+Au collisions [22] . The results hinted that the away-side correlation with out-of-plane trigger particles is more strongly suppressed than that with in-plane trigger particles. In this paper, we extend those measurements to finer bins in φ s and to lower associated and trigger p T ranges [23] . We also present inclusive jet-correlation results from minimum bias d+Au collisions as a reference to the Au+Au data.
We further study the ridge as a function of φ s , and investigate the systematics of the ridge in an attempt to identify the underlying physics mechanism for the formation of the ridge.
The paper is organized as follows. In Sec. II we describe in detail our data analysis of dihadron correlations relative to the event plane. In Sec. III we discuss our extensive studies of the systematic uncertainties of our results. In Sec. IV we report and discuss our results of dihadron correlations relative to the event plane. We finally conclude in Sec. V. We present all raw and backgroundsubtracted dihadron correlation functions relative to the event plane in Appendix A.
II. EXPERIMENT AND DATA ANALYSIS
The data used in this analysis were taken by the STAR experiment [24] at RHIC at the nucleon-nucleon center of mass energy of √ s NN = 200 GeV. The minimumbias Au+Au data were from Run IV in 2004 at RHIC. The reference minimum-bias d+Au data used for comparison were from Run III in 2003. The minimum-bias triggers for Au+Au and d+Au collisions were provided by the Central Trigger Barrel [25] and the Zero Degree Calorimeters [26] .
The details of the STAR experiment can be found in Ref. [24] . The main detector used for this analysis is the Time Projection Chamber (TPC) [27, 28] . The TPC is surrounded by a solenoidal magnet providing a nearly uniform magnetic field of 0.5 Tesla along the beam direction. Particle tracks are reconstructed in the TPC. The primary event vertex was fit using reconstructed tracks which pass certain quality cuts. Events with a primary vertex within ±30 cm of the geometric center of the TPC along the beam axis are used in the analysis. With this range of primary vertex position, the TPC has good acceptance within the pseudo-rapidity region of |η| ≤ 1.1. The Au+Au collision centrality is defined according to the measured charged hadron multiplicity in the TPC within |η| < 0.5 (reference multiplicity) [29] . We choose the 20-60% centrality data for our analysis where good event-plane resolution is achieved (see later).
In our analysis, only tracks that extrapolate to within 2 cm of the primary vertex are used. Tracks are required to be reconstructed with at least 20 out of a maximum of 45 hits in the TPC. The ratio of the number of hits used in track reconstruction to the number of possible hits is required to be greater than 0.51 to eliminate multiple track segments being reconstructed from a single particle trajectory. The same event and track cuts are applied to particle tracks used for event-plane reconstruction and for the subsequent correlation analysis. Particle tracks within |η| < 1 are used in the correlation analysis.
High p T particles are selected as triggers off-line to perform the correlation analyses. We select high p T trigger particles within the p cut-off of 0.15 GeV/c was imposed by the magnetic field strength and the TPC aperture. The azimuthal correlation functions in ∆φ (azimuthal angle difference between associated particle and trigger particle) are analyzed separately for trigger particles at different azimuthal angles (φ s ) relative to the event plane.
The associated particle yields are corrected for singleparticle track reconstruction efficiency which is obtained from embedding simulated tracks into real events [30] . It depends on both centrality and p T . The efficiency is found to be insensitive to η and is therefore averaged over η. The φ-dependent part of the acceptance and track reconstruction efficiency are corrected for both the trigger and associated particle yields. This φ-dependent correction is obtained from the inverse of the single-particle φ distribution whose average is normalized to unity. Correction for the φ-dependent efficiencies for both trigger and associated particles removes the majority of the nonuniformity caused by the TPC sector boundaries. The remaining non-uniformity in ∆φ is corrected by using an event-mixing technique, where the trigger particle from one event is paired with associated particles from another event within the same centrality bin [10] . The twoparticle acceptance in ∆η (pseudo-rapidity difference between associated particle and trigger particle), which is approximately triangle-shaped in ∆η, is not corrected to be consistent with earlier publications [10] . The correlation function is normalized by the corrected number of trigger particles in its corresponding φ s bin. The centrality and p T dependent aspects of the trigger particle efficiency cancel out in the normalization.
Tracks that are spatially near each other can be combined into a single reconstructed track due to merged space points of ionization in the STAR TPC. This track merging results in a pair inefficiency at ∆η ∼ 0 and small, but finite ∆φ whose value depends on the magnetic field polarity, charge combination and the p T 's of the trigger and associated particles [12] . The track merging effect is most significant in central collisions where the TPC hit occupancy is high. The track merging effect in our centrality range of 20-60% is negligible.
A. Event-Plane Reconstruction
We use the second Fourier harmonic in azimuthal angle to determine the event-plane angle ψ EP [31] , which is not identical to the real reaction-plane angle due to finite resolution. The particles used to determine the event plane are below p T = 2 GeV/c. To avoid selfcorrelations, particles from the p T bin that is used in the correlation analysis are excluded from event-plane reconstruction. For example, for the associated particle p T bin of 1.0 < p (a) T < 1.5 GeV/c, the particles used to calculate the event plane are from p T ranges of 0.15 < p T < 1.0 GeV/c plus 1.5 < p T < 2.0 GeV/c. We use the p T -weight method [31] which gives better eventplane resolution due to the stronger anisotropy at larger p T . The slight non-uniform efficiency and acceptance in azimuthal angle were corrected as mentioned previously in the event-plane reconstruction. Figure 1 shows examples of the constructed event plane azimuthal angle distributions. As seen from the figure, the constructed event plane ψ EP distribution is approximately uniform. We weight the events by the inverse of the event-plane angle distributions in Fig. 1 in our correlation analysis. However, we found negligible difference in our results with and without this event-plane weighting. The particles used for constructing the event plane shown in this figure are from 0.15 < pT < 1 GeV/c or 1.5 < pT < 2 GeV/c, to be used for correlation analysis for the associated particle p Non-flow correlations, such as di-jets, can influence the determination of the event plane. To reduce this effect, we exclude particles within pseudorapidity difference of |η − η lead | < 0.5 from the highest p T particle (leading particle η lead ) in the event from event-plane reconstruction. This method is called the modified reaction-plane (mrp) method [32] . Figure 1 shows in the data points a distribution of the constructed ψ EP from this method. However, we also use the difference in azimuthal correlations between analyzed at small and large |∆η| to extract the near-side jet-like component. The mrp method, which excludes particles within |∆η| < 0.5 of the leading particle in the event, would have different systematic biases on the ∆φ correlations at small and large |∆η|. Thus, for the jet-like component extraction we use the traditional reaction-plane method, where no specific cut relative to the leading particle is applied in event-plane reconstruction. Figure 1 also shows the ψ EP distribution constructed by the traditional method. We have checked the correlation between the event plane angles constructed from the traditional method and the mrp method, and found they are well correlated.
We divide our data into six equal-size slices of trigger particle azimuthal angle relative to the event plane, φ s , and analyze azimuthal correlations separately in each slice. Figure 2 shows a schematic view, with the slices numerically labeled 1 to 6 corresponding to φ s = |φ t − ψ EP | = 0
• -15
• , and 75
• -90
• . We form azimuthal correlations with trigger particles in each slice separately. Figure 3 shows, as examples, the raw azimuthal correlations in 20-60% Au+Au collisions for six slices in φ s for trigger and associated particle p T ranges of 3 < p 
B. Anisotropic Flow Background
The correlation structure sits atop a large background. The background has a flow modulation induced by the anisotropies of the trigger particle and the background particles with respect to the reaction plane [33] . The flow correlated background is given by [34] are the average harmonics of the trigger particles, v
(R) , respectively. The superscript '(R)' indicates that the averages are taken within the φ t region of a slice of width 2c at φ s : φ s − c < |φ t − ψ EP | < φ s + c (where c = π/24 in our analysis). Note that we have used φ s here and in Eq. (3) to be the center value of a |φ t − ψ EP | bin, while elsewhere we simply use φ s = |φ t − ψ EP | to indicate a narrow bin in |φ t −ψ EP |. For the n th harmonic anisotropy we have [34] , T < 4 GeV/c (lower panel), respectively. Note the lower panels correspond to the kinematic range used in Ref. [6] . Both the trigger and associated particles are restricted to within |η| < 1. Statistical errors are smaller than the symbol size. The curves are flow modulated background calculated with four particle v2{4} and away-side two-particle v2{2,as} (dashed curves), and the average v2 from the two methods (solid curve).
Here T k is a short-hand notation for
cos(k∆ψ) ≡ cos k(ψ EP − ψ RP ) is the event-plane resolution with respect to the k th harmonic, and δ is Kronecker's delta. Since the correlation signal we are studying is on the order of a few percent of the background, we need to keep the flow correction in Eq. (2) up to the order v 2 v 4 ∼ 0.1%. Keeping terms for v up to v 2 , we have
and
The final flow correction is given by Eqs. (1), (4), and (5). The event-plane resolutions, cos(k∆ψ) (k = 2, 4, 6), are obtained from the sub-event method [31] . The event is randomly divided into two sub-events a and b with equal multiplicities. The sub-events, excluding the associated particle p T region, are analyzed to yield eventplane angles which, ideally, should be identical. The difference between the obtained event-plane angles, ψ a −ψ b , gives the uncertainty in the event-plane determination of the sub-events [31] cos(k∆ψ) sub−event = cos k(ψ a − ψ b ) .
The event-plane resolution of the full event can be approximated by [31] cos(k∆ψ) ≈ √ 2 cos(k∆ψ) sub−event (7) in the limit of small event-plane resolution. The factor √ 2 comes in because the multiplicities of the sub-events are smaller than the full event multiplicity by a factor of 2. We use the approximate form of Eq. (7) to assess systematic uncertainties in the event-plane resolutions by different ways of dividing the event into sub-events (see Sec. III B).
The precise form of the event-plane resolution of the full event is given by [31] cos(k∆ψ) = π 2
where
depends on the harmonic anisotropy magnitude v k and the number of particles N used in event-plane reconstruction. The p T enters into Eq. (9) because we weighted each particle by its p T in constructing the event plane. In data analysis we solve for the sub-event χ k (N/2) by Eq. (8) and the known event-plane resolution of the sub-events from Eq. (6) employing an iterative procedure [31] . From Eq. (9) we obtain the full event χ k (N ) = √ 2χ k (N/2). We then use Eq. (8) to determine the event-plane resolution of the full event [31] . The event-plane resolutions are listed in Table I . The resolutions depend on the p T bin because particles in a given p T bin (to be used for correlation analysis) are excluded from the event-plane reconstruction to avoid self-correlations as aforementioned.
One would naively expect that the event-plane resolution should be different for different trigger particle orientations from the event plane because the influence of di-jets on the event-plane determination should vary: a di-jet aligned with the reaction plane enhances the event-plane reconstruction resulting in a better resolution, whereas a di-jet perpendicular to the reaction plane reduces the accuracy of the constructed event plane resulting in a poorer resolution. However, this is a post effect due to the selection of the trigger particle angle relative to the event plane. The resolutions used in Eq. (1), on the other hand, are those of all triggered events before any selection of the trigger particle orientation is made. We have also verified this with Monte Carlo toy model simulations.
Since only triggered events enter into our correlation measurements, the event-plane resolutions are measured using only these events. The event-plane resolutions from inclusive events (minimum-bias events within the given centrality bin) are found to be within a couple of percent of that from the triggered events (see systematic uncertainty discussion in Sec. III B).
We analyzed the elliptic flow in each of the p T bins used in our correlation analysis. The obtained elliptic flow parameters are tabulated in Table I together with their systematic uncertainties. The analysis of the elliptic flow and the assessment of its systematic uncertainty are both described in Sec. III A. We used these v 2 parameters for background subtraction. The calculated magnitudes of the elliptic flow modulation, 2v
, are listed in Table II together with their systematic uncertainties. The calculated background curves are superimposed in Fig. 3 .
As mentioned previously, our trigger particle p T ranges are 3 < p (t) T < 4 GeV/c and 4 < p (t) T < 6 GeV/c. In elementary p+p and d+Au collisions, the particles in these p T ranges originate mainly from hard-scatterings and jets. In relativistic heavy ion colllisions, however, a large baryon to meson ratio was observed in the p T region around 3 GeV/c [35, 36] . The reason for the large ratio and the sources of those high p T particles are still under debate. The coalescence and recombination models [37] [38] [39] can elegantly explain the large baryon to meson ratio from a thermal bath of constituent quarks. On the other hand, the jet-like correlations at small angles relative to trigger particles of p (t) T > 3 GeV/c, with the long range ridge correlation removed, are measured to be invariant from p+p, d+Au, peripheral to central Au+Au collisions [41] , and independent of the reaction plane direction in Au+Au collisions as will be shown in this work. These experimental evidences strongly suggest that those p (t) T > 3 GeV/c particles are mostly of jet origin in Au+Au collisions just as in p+p and d+Au collisions. It is possible that recombination may still be at work in our trigger particle p T ranges, in such that the parton(s) prior to recombination have already imprint angular correlations related to hard-scatterings [40] .
Different sources, such as the recombination [37] [38] [39] and jet fragmentation discussed above, will likely give different anisotropies to those high p T particles. However, the anisotropy of the trigger particles to be used in background subtraction in Eqs. (1), (2), (4), and (5) 3 , thereby contributing to the background in the dihadron correlations. If one assumes that the amplitude of the v 1 (directed flow) fluctuations is of the same order of magnitude as the maximum v 1 in our pseudorapidity range (which was measured to be small [43] ), then the v 1 fluctuation contribution can be neglected [44, 45] . In the present work we neglect any direct flow fluctuation effect in our background subtraction. Note that the possible effect of statistical global momentum conservation can generate a negative dipole which has the same shape as the v 1 fluctuation effect. However, the statistical momentum conservation effect is not from v 1 fluctuations, but part of the correlation signal, as same as momentum conservation by any other mechanisms, such as dijet production.
Recently, it was argued that the initial fluctuations in the overlap geometry (spatial distribution of participating nucleons) may give rise to v 3 (triangular flow) fluctuations [46, 47, 49] . It was found from the Monte Carlo Glauber model that the triangularity due to geometry fluctuations can be comparable to the magnitude of the eccentricity which is connected to the elliptic flow. It is thus possible that large triangular flow fluctuations can arise which would give triangular peaks in the flow background [46, 47, 49 ]. This appears to be the case in the AMPT (A Multi-Phase Transport) model and the UrQMD (Ultrarelativistic Quantum Molecular Dynamics) model studied in Ref. [47] and [49] , respectively.
Since the orientation of the triangular overlap shape due to fluctuations is random relative to the event-plane direction, determined by the elliptic anisotropy, the effect of any triangular flow is independent of the reaction plane. In other words, the triangular flow background would be proportional to 2v [47] [48] [49] . Experimental data on inclusive two-particle correlations at p T > 2 GeV/c indicate a ratio of the harmonic coefficients also of the magnitude v [50] . This suggests that the measured third harmonic term in the inclusive two-particle correlations 
, as a function of p at low p T may be dominated by triangular flow fluctuations, just as the second harmonic term dominated by elliptic flow. As we will show in Sec. IV C, the effect of the triangular flow of this magnitude is relatively small in our dihadron correlation measurements with high p T trigger particles. Because of the lack of systematic measurements of v 3 fluctuations as a function of centrality and p T , in the present work we neglect the possible contributions from v 3 fluctuations in our dihadron correlation measurements relative to high p T trigger particles.
Glauber model calculations also show that the quadrangularity, pentagonality, and hexagonality due to geometry fluctuations equal to the triangularity, all large and comparable to the eccentricity. However, it was suggested that those higher order eccentricities were inefficient to generate sizeable high-order harmonic flow in final state momentum space [48] . Experimental data also indicate that the magnitudes and fluctuations of v 4 and v 6 are small relative to the magnitude of v 2 [51] . Furthermore, there is no evidence of a large v 
C. zyam Background Normalization
The flow correlated backgrounds given by Eq. (1) are shown in Fig. 3 as solid curves.
The background curves have been normalized assuming that the background-subtracted signal has Zero Yield At Minimum (zyam) [10, 52] . To obtain the zyam normalization factor, we fold the raw correlation function to within the range of 0 < ∆φ < π because of the symmetry of the correlation function. We take the ratio of the folded raw correlation to the background curve of Eq. (1), where B is set to unity before taking the ratio. We obtain a continuous range of the size of π/6 where the average ratio is the smallest. This smallest average ratio is the normalization factor B to be used in the flow background of Eq. (1), which is then subtracted from the raw correlation function to obtain the final correlation signal.
The background levels can be different for the different φ s slices because of the net effect of the variations in jet-quenching with φ s and the centrality cuts in total charged particle multiplicity in the TPC within |η| < 0.5. Thus, in our correlation analysis, the background level B is treated independently in individual φ s slices. T in 20-60% Au+Au collisions. Results from both trigger particle p T ranges of 3 < p (t) T < 4 GeV/c and 4 < p (t) T < 6 GeV/c are listed. The background levels listed are not only for the correlation functions with the |∆η| < 2 region within our acceptance, but also for those in the large ∆η region of |∆η| > 0.7. The latter is used for the ridge studies (see Sec. IV C). One notices that the background level for the lower trigger particle p
T range is slightly larger. This is due to the fact that relatively more events contain multiple jets with the lower trigger particle p (t)
T and those events are used multiple times in our di-hadron correlation analysis [13] .
It is worthwhile to emphasize here that our quantitative results depend on the assumption of the zyam background normalization. However, as will be discussed in Sec. III E, our qualitative conclusions are independent of the zyam normalization.
III. SYSTEMATIC UNCERTAINTIES
Background subtraction is the major source of systematic uncertainty in our results. The background, as given by Eq. (1), has three important ingredients: the anisotropic flow measurements v 2 and v 4 , the eventplane resolutions, and the background magnitude B. We discuss these systematic uncertainties in Sections III A-III D, respectively. They have effects on dihadron correlation functions presented in Sec. IV A and away-side correlation widths and magnitudes presented in IV B.
We also report results on near-side jet-like and ridge correlations in Sec. IV C. Uncertainties in v 2 and the zyam background normalization contribute to the uncertainties in the ridge correlation results. They do not affect the jet-like correlation results in which they cancel. Additional systematic uncertainties arise from the assumption of a uniform ridge in ∆η, which affects both the ridge and jet-like results. These additional systematic uncertainties are discussed in Sec. III F.
A. Systematic Uncertainty due to Anisotropic Flow
The anisotropic flow (mainly elliptic flow) background which is to be subtracted from the dihadron correlation is the anisotropy caused by particle correlations to the reaction plane [53, 54] . There are several measurements of elliptic flow; many of them are affected to various degrees by non-flow contributions that are caused by particle correlations unrelated to the reaction plane, such as resonance decays and jet-correlations. One technique, called the event-plane method, is to construct the event plane from all charged particles except those of interest and then calculate v 2 {ep}= cos 2(φ − ψ EP ) / cos 2∆ψ for the particles of interest, where cos 2∆ψ is the eventplane resolution [31] . This method is affected by non-flow contributions in both sets of particles, those of interest and those used to construct the event plane. The v 2 {ep} already contains flow fluctuation effects which should be included in the jet-correlation background.
Another method, called the two-particle method, is to calculate v 2 {2} = cos 2∆φ using all particle pairs of interest [31] . This method is affected by non-flow only in the interested particles used for correlation studies. This flow parameter also contains flow fluctuation effects.
The third method, called the four-particle method, is to obtain v 2 {4} from the four-particle cumulant [55] . This method is less affected by non-flow from particle clustering because the non-flow arising from two particle correlations is eliminated, and the non-flow from three particle correlations does not contribute. This method is subject to non-flow from higher orders (four-particle correlation and above) but those contributions are a second order effect if compared to non-flow from two particle correlations [55] . The flow fluctuation will give a negative contribution to v 2 {4}. [55] The fourth method is to decompose the low p T twoparticle correlation (the so-called untriggered correlation, without the requirement of a trigger particle) into a nearangle Gaussian, a dipole, and a quadrupole, and infer v 2 {2d} from the fitted quadrupole [56] . The method attempts to geometrically separate the reaction-plane correlated v 2 from other (i.e. non-flow) correlations (smallangle correlations and large-angle dipole). However, the method assumes a functional form for those non-flow correlations, and the decomposition at high p T is difficult because of limited statistics and significant jet-correlation effects.
The measured v 2 {2} and v 2 {mrp} are similar and they both significantly overestimate elliptic flow due to large contributions from non-flow and fluctuations. While flow fluctuation effect should be included in our background subtraction, non-flow should be excluded. The major component of non-flow is the measured small-angle two-particle correlation [57] . Non-flow effect at large opening angle (i.e. away-side) is significantly smaller. The average cos 2∆φ computed from the away side of untriggered two-particle correlations, therefore, contains less non-flow than that computed from all particle pairs. Note that, in the absence of non-flow, the average cos 2∆φ 's computed from the near-side only, the awayside only, or the whole ∆φ range are identical. We denote the away-side cos 2∆φ |∆φ|>π/2 as v 2 {2,as}. If the non-flow effect in the away-side untriggered two-particle correlation is described by a negative dipole, −A cos ∆φ, then v 2 {2,as} is always larger than the true v 2 {2}: T < 6 GeV/c are listed. The trigger and associated particles are within |η| < 1. Backgrounds are tabulated for the entire |∆η| < 2 range of our acceptance as well as for large ∆η cut of |∆η| > 0.7. The first error is statistical. The second error is the quadratic sum of the zyam systematic uncertainty and the one-sided systematic uncertainty due to background deviation from zyam. The former is assessed by varying the ∆φ normalization range. The latter is assessed by comparing our zyam background to those obtained from asymmetric correlations of the separate positive and negative φt − ψEP regions. 
19.31 ± 0.01
19.32 ± 0.01
19.25 ± 0.01
19.27 ± 0.01
19.18 ± 0.01 
If the away-side non-flow effect is described by a Gaussian, A exp −
, then the same holds as long as the Gaussian is relatively narrow:
In principle non-flow contribution can be negative; however, untriggered two-particle correlations show no evidence of a negative non-flow [57] . Therefore we take v 2 {2,as} as the upper limit of the systematic uncertainty of the elliptic flow parameter in our background subtraction. Note that v 2 {2,as} automatically includes the positive flow fluctuation effect. We compute v 2 {2,as}= cos 2∆φ |∆φ|>π/2 using all pairs of particles in each given p (a)
T bin with opening angle |∆φ| > π/2. We use minimum-bias events within our 20-60% centrality bin (i.e. inclusive events) to compute v 2 {2,as}. The v 2 {2,as} computed from triggered events only (with at least one trigger particle) is nearly identical to that from inclusive events. We also compute v 2 {2,as} excluding particles within |∆η| < 0.5 of the highest p T particle in the event to reduce the non-flow effect. We find the v 2 {2,as} obtained in this manner is not significantly different from that calculated without excluding those particles, as compared to the uncertainty on v 2 (see below).
We have also calculated v 2 {2,as} separately for the four 10%-size centrality bins. We took the average v 2 2 {2,as} weighted by the number of trigger particles in addition to the number of associated particle pairs in each centrality bin. The obtained average v 2 2 {2,as} is generally smaller than but close to that obtained from a single 20-60% centrality bin. We used the latter to be on the conservative side.
For high p T trigger particles, the statistical error on v 2 {2,as} becomes large. We therefore use v 2 {ep}, instead of v 2 {2,as}, as our upper systematic bound for trigger particle v 2 . The v 2 {ep} is measured in 10%-size centrality bins. We used the average v 2 {ep} weighted by the number of trigger particles.
The measured v 2 {4} likely underestimates elliptic flow because the flow fluctuation effect reduces v 2 {4} [55] . We note that v 2 {4} may still contain some non-flow effects. However, the agreement between v 2 {4} and the elliptic flow measurement using the Lee-Yang-Zero method suggests that such non-flow effects are small [58] . We therefore use v 2 {4} as our lower bound of v 2 systematic uncertainty, as same as in Refs. [10, 13] . We use a parameterization of the measured v 2 {4} as a function of p T in each 10%-size centrality bin. We first calculate the average v 2 {4} weighted by the associated particle multiplicity at each p T bin for each centrality bin. We then take the average v 2 {4} for each p (a)
T bin from the four 10%-size centrality bins weighted by the number of trigger particles within 3 < p (t) T < 4 GeV/c. We used the same v 2 {4} for 4 < p (t) T < 6 GeV/c because the average v 2 {4} obtained using the number of trigger particles within 4 < p (t) T < 6 GeV/c as the weight is practically the same.
As the default v 2 , we use the average between v 2 {2,as} and v 2 {4} for associated particles. We use the range bracketed by v 2 {2,as} and v 2 {4} as our systematic uncertainty on v 2 . For trigger particles we use the average between v 2 {ep} and v 2 {4} as the default v 2 and the range bracketed by v 2 {ep} and v 2 {4} as its systematic uncertainty. Table I lists the default v 2 values together with systematic uncertainties for different p T bins in 20-60% Au+Au collisions.
We parameterized the v 4 measurement [32] as v 4 = 1.15v 2 2 and used this parameterization for both trigger and associated particles in our flow correction [21] . The uncertainties in v 2 are propagated to v 4 . Note that the v 4 fluctuation effects that is related to the second harmonic event plane, which should be included in our flow background, are already included in the v 4 measurement which was carried out with respect to the second harmonic event plane [32, 51] . Fluctuations in v 4 related to the fourth harmonic event plane could be potentially not small [51] and are not included in the available measurement of v 4 , however, these fluctuation effects come into our two-particle correlation background as v 2 4 (not through the cross-term of v 2 v 4 ) and are therefore negligible.
The flow backgrounds are shown by the solid curves in Fig. 3 . The systematic uncertainties due to anisotropic flow parameters are shown by the dashed curves. The normalization of each background curve is adjusted by zyam to match the raw correlation function such that the background-subtracted correlation is zero at minimum (see Sec. II C). As seen from the figures, the dashed curves are not symmetric about the solid curve. This is mainly due to the zyam normalization as the normalization region is around ∆φ ≈ ±1, not at ±π/2.
The coefficient v . This is apparent in the systematic uncertaities listed in Table II . It is shown in the systematic uncertainty background curves in Fig. 3 , where the uncertainty for in-plane correlations is large, while for out-of-plane correlations it is small.
B. Systematic Uncertainty due to Event-Plane Resolution
The event-plane resolutions enter into the flow background modulation together with the anisotropic flow parameters, via v n cos(k∆ψ) . Terms with k = n are not affected by uncertainties in the event-plane resolutions, because v n cos(n∆ψ) are the measured anisotropic flow parameters. The event-plane resolutions cos(k∆ψ) of different k's are likely correlated, hence the uncertainty in v n cos(k∆ψ) for k = n due to uncertainties in the resolutions may be greatly reduced. To be conservative, we assume the uncertainties in the event-plane resolutions to be uncorrelated in our estimation of their effects on our correlation results.
The systematic uncertainty of the event-plane resolution was determined by repeating the sub-event method, but splitting the particles by charge instead of by random determination, as done in the default case. They are also assessed by comparing the event-plane resolution from triggered events only (default) to inclusive events, and by applying a weighting of the number of trigger particles (default) and not applying this weighting. In addition, differences in event-plane resolutions are assessed with (default) and without event-plane flattening by weighting of the inverse of φ-dependent efficiencies. The event-plane resolution uncertainties thus estimated are typically less than 1% for cos(2∆ψ) , and less than 2-3% for cos(4∆ψ) and cos(6∆ψ) .
The effects of the estimated event-plane resolution uncertainties on the final background-subtracted correlation functions are significantly smaller than those caused by the uncertainties on anisotropic flow, and are therefore neglected.
C. Effect of Finite Centrality Bin Width
For the data reported in this paper, the entire 20-60% Au+Au centrality range is treated as a single centrality bin in which the event-plane resolutions and elliptic flow are obtained and the azimuthal correlation is analyzed. Alternatively, the analysis was repeated in each of the four 10%-size centrality bins using the corresponding event-plane resolutions and the elliptic flow measurements. Those correlation results are added together, weighted by the number of trigger particles in each centrality bin. The recombined results are consistent with using a single 20-60% centrality bin, well within the systematic uncertainties due to those in flow subtraction and zyam normalization. This is because the measured elliptic flow v 2 is fairly constant over the entire 20-60% centrality range, so that v
The event-plane resolutions vary with centrality mainly due to the multiplicity change. However, the event-plane resolutions enter into the flow background of Eq. (1) linearly, and because the high p T trigger particle multiplicity scales almost linearly with the total multiplicity, the effect of the centrality-varying event-plane resolution is minimal in the flow correction calculated from the single 20-60% centrality bin or summed from multiple narrower centrality bins.
D. Systematic Uncertainty due to zyam
Background Normalization
Naively one would expect the background level B in Eq. (1) to be the same for all φ s slices because the underlying background should not depend on the signal (or orientation of the trigger particle). However, there could be biases in the event samples with trigger particles at different φ s such that they contain slightly different underlying background multiplicities due to the possible difference in jet-like correlated multiplicities at different φ s and the overall constraints caused by centrality cuts on the reference multiplicity. In our analysis we use different B values for different φ s slices, each independently obtained using zyam on the correlation function of the corresponding slice.
One source of systematic uncertainty on B is due to the limited range in ∆φ where the background-subtracted correlations appear to have a minimum 'plateau'. This part of the systematic uncertainty is assessed by varying the size of the normalization range in ∆φ between π/12 and π/4 (default range is π/6), similarly to Ref. [10] .
The zyam assumption likely gives an upper limit to the underlying background level. One could make an improved assessment of the background level with more stringent requirements, such as using three-particle correlation zyam [21] . However, the analysis of three-particle correlation within a limited φ s range of the trigger particle is difficult.
In this paper, we assess this part of the systematic uncertainty on B by comparing to the zyam backgrounds obtained separately from correlation functions at positive φ t − ψ EP and negative φ t − ψ EP . Those zyam backgrounds are always lower than our default B from zyam of the combined correlation function of positive and negative φ t − ψ EP . This is because the separately analyzed correlation functions are asymmetric about ∆φ = 0 and ∆φ = π, and the zyam is determined by only one side of the correlation function [59, 60] , whereas in our combined correlation functions reported here, the two sides of the separately analyzed asymmetric correlation functions are averaged. We treat the difference between the zyam background from this paper and that obtained from the asymmetric correlation functions as an additional, onesided systematic uncertainty on B.
We may also study the background level by fitting the zyam-background-subtracted correlation functions with a combination of Gaussians and a free parameter for an offset from zero. Specifically we fit the correlation data to three Gaussians (a near-side Gaussian at ∆φ = 0 and two away-side Gaussians symmetric about ∆φ = π), and four Gaussians (adding a fourth Gaussian at ∆φ = π with the same width as the near-side Gaussian). Some of the fits yielded unphysical offsets because of the limited constraint of the correlation data on the fit model. For the other fits, the fitted offsets are comparable to the systematic uncertainty obtained from the comparisons to the asymmetric correlation functions discussed above. The Gaussian fits to the correlation functions without the offset will be discussed in Sec. IV E.
The different sources of systematic uncertainties on B are added in quadrature. The total systematic uncertainty is listed in Table III together with the statistical uncertainty. We take the quadratic sum of the statistical and systematic uncertainties as the total uncertainty for B on our correlation results.
E. Is the Away-Side Double-Peak an Artifact of zyam?
As will be shown in IV A, the background-subtracted correlation functions on the away side are single-peaked at ∆φ = π for triggered particles in-plane, but doublepeaked for trigger particles out-of-plane beyond the flow systematic uncertainties. Since the subtracted background is flow-modulated, the natural question is whether the away-side double-peak structure is due to an unrealistic systematic uncertainty. To address this question, it is worthwhile to note that the flow background modulation changes phase when the trigger particle moves from in-plane to out-of-plane, as shown in Fig. 3 . A smaller elliptic flow would make the in-plane correlation more peaked at ∆φ = 0 and π and the out-ofplane correlation more dipped at π (hence more double peaked on the away side). On the other hand, a larger elliptic flow would make the out-of-plane away-side correlation less double-peaked. One would need a ∼15% larger v Table II , significantly beyond the systematic uncertainty from the anisotropy measurements, to eliminate the away-side double-peak for the out-ofplane φ s slice. However, this large v
would result in double-peaked away-side correlations for some of the other φ s slices.
The background magnitude affects the absolute magnitude of the flow modulation subtracted from the raw data in obtaining the correlation signal. Since the background normalization is determined by the zyam description, the question arises whether the away-side doublepeak for the out-of-plane φ s slices is an artifact of a significantly smaller background level than zyam beyond the zyam normalization systematic uncertainty. The answer is negative because the flow background is the lowest at ∆φ = π for out-of-plane trigger particles. Allowing a non-zero flow-modulated "pesdestal" into the correlation signal will exaggerate the double-peak feature, i.e., the dip at ∆φ = π will be even deeper than the double peaks. In other words, if the true background is lower than zyam, then the away-side correlation functions for out-of-plane trigger particles will be more double-peaked. Only when the background is larger than zyam would the dihadron correlation signal become single-peaked; however, as a result the signal strength would become negative.
In summary, to eliminate the away-side double-peak, one needs either a larger anisotropic flow than measured while fixing the background normalization by zyam, or a larger background normalization than zyam while fixing the anisotropic flow as measured. To investigate further the interplay between background normalization and anisotropic flow and its effect on the dihadron correlation signal, we performed a study of free fits to the raw correlation data, treating the anisotropic flow and the background magnitude as free parameters. In order to do so, one needs a prescription for the correlation signal functional form. It has been shown that the sum of a near-side Gaussian, a negative dipole, and a quadrupole (reflecting elliptic flow) can adequately describe the two-particle azimuthal correlation at low p T without the requirement of a high p T trigger particle [57] . Thus, we fit our raw correlation data by
treating the flow modulations V 2 and V 4 , the near-side Gaussian parameters A ns and σ ns , and the negative dipole magnitude A dipole as free parameters. Figure 4 (upper panels) shows the fits by Eq. (10) to the raw correlation functions in six φ s slices for 3 < p As seen from the χ 2 /ndf written in each upper panel, the fits by Eq. (10) are generally good. This is also true for the other p (t)
T and p (a) T bins. However, the fitted flow modulations (written in the lower panels) are significantly larger than the measured ones for the outof-plane φ s slices, much beyond their systematic uncertainties quoted in Table II . In other words, in order to eliminate the away-side double-peak, an anisotropic flow that is much larger than experimentally measured is required, consistent with our earlier observation. Moreover, the deviations of the fitted flow modulations from the measured ones vary from slice to slice, which should not be the case if the measured flow parameters that we used were simply in error. Qualitatively the same features are observed for the other p T bins. These free fit results demonstrate that the fit model of Eq. (10) cannot be the correct functional form to describe the dihadron correlation signal with a high p T trigger particle. 
F. Systematic Uncertainties on Jet-Like and Ridge Correlations
To obtain the jet-like component we take the difference of the correlation functions from |∆η| < 0.7 and |∆η| > 0.7 (properly weighted by the two-particle ∆η acceptance). The assumption in this procedure is that the ridge is uniform in ∆η (after taking into account the trivial two-particle ∆η acceptance) and is therefore subtracted away in the difference [11] . Measurements at low p T without a trigger particle indicate that the ridge is broad but drops with increasing ∆η [61] . If this is true for trigger particle correlations as studied here, our "jet" measurement contains a residual ridge contribution. To estimate this effect, we study ∆η correlation functions for near-side associated particles (|∆φ| < 1). An example is shown in Fig. 5 • ) is used because, as will be shown later, the ridge resides mainly in the inplane direction. We compare the ridge contributions to the |∆η| < 0.7 region as extrapolated from a constant ridge fit and from a linear fit [11] , both done in the large ∆η range of |∆η| > 0.7. Because of possible edge effects in the ∆η acceptance, we also limit our fit range within 0.7 < |∆η| < 1.6. We assign the difference, ±15%, as the systematic uncertainty on the jet-like component yield due to the assumption of the uniform ridge.
In this paper, we consider all correlated particles at |∆η| > 0.7 to be part of the ridge. The ridge yield we report in this paper is defined to be the integral of the correlated particle yield over 0.7 < |∆η| < 2.0. Thus, the assumption of the ridge shape does not affect the ridge yield.
We have assumed that the jet-like component is contained within |∆η| < 0.7, and assigned the entire correlated yield in |∆η| > 0.7 as ridge. This introduces uncertainty in the ridge yield as well as in the jet-like yield. Moreover, the fraction of the jet-like component that leaks out of the ∆η cut is subtracted in obtaining the jet-like part, thus the effect of the leakage is doubled in the extracted jet-like component. To study this effect, we fit the ∆η correlation function (such as that shown in the upper panel of Fig. 5 ) to a Gaussian with centroid at ∆η = 0 and a constant pedestal (i.e., uniform ridge). The Gaussian width is shown in Fig. 5(b) as a function of φ s for 1 < p T . We estimate the effect of the leakage of the jet-like component to be about 10% of the jet-like yield, assigned as a single-sided negative uncertainty on the ridge yield, and a single-sided positive uncertainty, twice as large, on the jet-like yield. The physics of the correlation widths will be discussed in Sec. IV E.
The systematic uncertainty on the jet-like yield due to flow uncertainty is small because the large uncertainties due to v 2 are cancelled, assuming v 2 is constant over ∆η. This should be a good assumption because the PHO-BOS experiment found that v 2 was constant within the η acceptance of the STAR TPC (dropping only towards larger |η|) [62, 63] . Figure 6 illustrates the various systematic uncertainties on the extracted ridge yield. (i) The systematic uncertainties due to flow subtraction are shown by the solid curves. The uncertainty is dominant at small φ s ; the flow uncertainty at large φ s is small. (ii) The systematic uncertainty due to background normalization uncertainty is shown in brackets, as assessed by varying background normalization range and by comparing to background normalizations of asymmetric correlation functions at positive and negative φ t − ψ EP separately. (iii) There is an additional systematic uncertainty in the extracted ridge yield because the jet-like correlation can T . The data are from minimum-bias 20-60% Au+Au collisions. The trigger particle pT range is 3 < p 
IV. RESULTS AND DISCUSSIONS
A. Correlation Functions Figure 7 shows the background-subtracted dihadron azimuthal correlations in 20-60% Au+Au collisions as a function of the trigger particle orientation relative to the event plane, φ s . The thin histograms embracing the shaded area indicate the systematic uncertainties due to anitropic flow. The horizontal shaded band around zero indicates the systematic uncertainties due to zyam background normalization. The slight modulations of the edges of the band are because of the anisotropic flow in the combintorial background. For comparison the minimum-bias d+Au inclusive dihadron correlation (without differentiating with respect to an "event plane") is superimposed in each panel in Fig. 7 . The trigger and associated particle p T ranges are 3 < p As seen in Fig. 7 , the near-side peaks in Au+Au collisions are evident for all trigger particle orientations. The single-peak shape of the near-side correlation remains rel- T < 4 GeV/c (lower panel), respectively. Note the bottom row corresponds to the kinematic range used in Ref. [6] . Both the trigger and associated particles are restricted to be within |η| < 1. The data points are from minimum-bias 20-60% Au+Au collisions. Systematic uncertainties are shown in the thin histograms embracing the shaded area due to flow subtraction and in the horizontal shaded band around zero due to zyam background normalization. Statistical errors are smaller than the symbol size. For comparison, the inclusive dihadron correlations from d+Au collisions are superimposed as the thick (green) histograms (only statistical errors are depicted).
atively unchanged from in-plane (φ s ∼ 0) to out-of-plane (φ s ∼ π/2). However, the amplitude of the near-side peak decreases with φ s , becoming similar to that from d+Au collisions at large φ s . Our previous studies have shown that the near-side correlation, while not much modified at high p T , is enhanced in Au+Au collisions relative to p+p and d+Au collisions at low to modest p T [10, 11, 13] . The present results show that the nearside enhancement is mostly present for trigger particles oriented in-plane and the modification for trigger particles oriented at φ s ∼ π/2 is minimal for this centrality bin.
Unlike the near side, the away-side correlation structure evolves dramatically when trigger particles move from in-plane to out-of-plane for the 20-60% centrality bin. The away side has a single peak when the trigger particles are oriented close to the event plane. Only when the trigger particle direction is far away from the event plane, the double-peak structure emerges on the away side. In addition, the away-side modification increases with increasing associated particle p (a)
T . Our previous studies showed that the away-side correlation structure is significantly modified in central Au+Au collisions, and the modification is the largest in the intermediate p T range [10, 13] . The present result indicates that the away-side modification has a strong dependence on the trigger particle direction relative to the event plane. The strongest away-side modification is found for trigger particles perpendicular to the event plane (see Fig. 7 ). The results indicate the important role the medium pathlength traversed by the away-side parton at different φ s plays, and should provide useful input to theoretical modeling of partonic energy loss in the nuclear medium.
The lower panel of Fig. 7 shows the high p T associated particle results. The "disappearance" of the away-side correlation at high associated particle p T , first observed for this kinematic range in the inclusive dihadron correlations in Ref. [6] , has a clear dependence on the trigger particle orientation. When the trigger particles move from φ s ∼ 0
• to 90
• , the path-length increases, so the away-side peak(s) become diminished.
STAR has previously published dihadron correlations for in-plane (φ s < π/4) and out-of-plane (φ s > π/4) trigger particles [22] . We sum up our correlation results from slices 1-3 and 4-6 to obtain the in-plane and out-of-plane correlations, respectively. We have also analyzed the data treating φ s < π/4 as a single slice to obtain the in-plane correlation and φ s > π/4 for the out-of-plane correlation. The resultant correlation functions are consistent with those reported here that were summed from individual slices. Figure 8 compares results from this work to those in [22] . The histograms show systematic uncertainties of the results from this work, while the shaded boxes show those of the results from [22] . The analysis reported here differs from that in Ref. [22] in two ways: (i) the average v 2 = (v 2 {2,as}+v 2 {4})/2 is used in this analysis while v 2 ≈ (v 2 {2} + v 2 {4})/2 containing significant non-flow effect was used in Ref. [22] , (ii) the flow correlation is corrected up to v 4 in this analysis while correction only up to v 2 was done in Ref. [22] . Figure 9 shows the in-plane and out-of-plane correlation results for two trigger p (t)
T ranges and two associated particle p T < 6 GeV/c and 2 < p (a) T < 4 GeV/c respectively. Both the trigger and associated particles are restricted within |η| < 1. Error bars are statistical. Systematic uncertainties (including those due to anisotropic flow and due to background normalization from different zyam normalization ranges) are shown in histograms for results from this work and in shaded areas for results from Ref. [22] . The systematic uncertainty due to background deviations from zyam is not included for fair comparison.
is observed between in-plane and out-of-plane dihadron correlations for both trigger p (t)
T ranges and both associated particle p (a)
T bins. The near-side correlated yield is larger for in-plane than out-of-plane triggers. As will be discussed in Sections IV C and IV D, the difference is due to the larger ridge contribution in-plane than out-ofplane, and the jet-like contributions are similar between in-plane and out-of-plane. A more significant difference is observed on the away side between in-plane and outof-plane correlations. For in-plane trigger particles, the away-side correlations peak at ∆φ = π. For out-of-plane trigger particles, the away-side correlations are doublepeaked. The double-peak structure is stronger for the lower trigger particle p (t)
T range. The away-side structure is studied in more detail in Sec. IV B below.
B. Discussion on the Away-Side Results
In order to quantify the modification in the away-side correlation structure, we calculate the width of the dis- tribution by
We show in Fig. 10(a) the rms of the away-side correlation as a function of the trigger particle orientation φ s for 20-60% Au+Au collisions. The associated particle p T range is 1 < p (a) T < 2 GeV/c. Two trigger particle p T ranges are shown: 3 < p (t) T < 4 GeV/c and 4 < p (t) T < 6 GeV/c. The rms increases with increasing φ s by nearly a factor of 2 from in-plane to out-of-plane. The distribution becomes more double-peaked as φ s increases. No difference is observed between the two trigger p
For comparison, the d+Au results are indicated by the arrows in Fig. 10(a) . As seen, the rms in 20-60% Au+Au collisions from slices 1 and 2 is not much larger than in d+Au. This may be consistent with the path-length effect. However, we note that the correlation amplitudes in Au+Au collisions for the in-plane slices are larger than in d+Au collisions, as discussed below. This suggests that the away-side single peak in Au+Au and d+Au collisions may come from different physics mechanisms. As will be discussed in Sec. IV C, the near-side correlation for in- T in 20-60% Au+Au collisions. The trigger particle pT range is 3 < p (t) T < 4 GeV/c. Error bars are statistical. The curves indicate systematic uncertainties due to flow subtraction, solid curves for the solid data points and dashed curves for the hollow data points. The systematic uncertainty due to zyam background normalization is not shown. The corresponding d+Au results are indicated by the arrows (solid arrow for 3 < p plane trigger particles has a large contribution from the ridge, and it is likely that there is an accompanying backto-back ridge on the away side. Figure 10(b) shows the rms as a function of the associated particle p (a)
T for slices 1 and 6 in 20-60% centrality. The rms remains constant for slice 1, and is not much broader than the d+Au result for all measured p T . The doublepeak structure is the strongest when the trigger particle is perpendicular to the reaction plane and the associated particle is hardest. Results for other slices vary smoothly between slices 1 and 6. The features for trigger particles of 4 < p (t) T < 6 GeV/c are qualitatively the same. The away-side double-peak structure observed in the inclusive dihadron correlation (i.e., without differentiating trigger particle azimuthal angles relative to the reaction plane) [10] has stimulated much interest [17] [18] [19] [20] . The recent three-particle jet-like correlation studies have provided evidence of conical emission of hadrons correlated with the high p T trigger particles [21] . To study conical emission in more detail, we show in Fig. 11 the average correlation amplitude on the away side in the π-region (|∆φ − π| < 0.39) and in the cone-region (0.81 < |∆φ − π| < 1.59) as a function of φ s in 20-60% Au+Au collisions. Two trigger p (t)
T selections are shown; no significant difference is observed. The amplitudes in the π-region drop with increasing φ s , from a value larger than that in d+Au (as indicated by the arrows) to a value significantly smaller than that in d+Au. On the other hand, the cone-region amplitude seems rather constant with φ s in Au+Au collisions. The amplitude in cone-region is significantly stronger than that in d+Au collisions for both trigger particle p Comparison of the relative amplitudes in the π-region and the conical emission region shown in Fig. 11 again reveals the degree of the double-peak structure. In order to study the p T dependence of the relative amplitudes, Fig. 12(a) and (b) show the amplitude ratios of π-region to cone-region in slices 1 and 6, respectively. The amplitude ratio in slice 1 increases with p (a)
T for the higher p (t) T trigger particles. The trend is not much different from that observed in d+Au collisions (shown by the black line). The increasing trend suggests that for in-plane trigger particles the away-side correlation is dominated by physics mechanisms other than conical emission, such as punch-though jets and/or back-to-back ridge. The increasing trend may also be present for the lower p T triggers, but the systematic uncertainty in this analysis prevents a firm conclusion. On the other hand, for slice 6 the amplitude ratio decreases with p (a)
T . The away-side jetlike correlation at ∆φ = π is essentially diminished; what remains are conical emission hadrons. It is also worth to note that the away-side amplitude ratio for out-of-plane trigger particles (lower panel of Fig. 11 ) is significantly smaller than for in-plane trigger particles (upper panel of Fig. 11 ). This is again the consequence of the significant away-side broadening from in-plane to out-of-plane.
C. Discussion on the Near-Side Results
Recall that in Fig. 7 , we observe a significant change in the near-side peak amplitude. The near-side amplitude drops with increasing φ s . For the 20-60% centrality, the amplitude at large φ s is not much different from the d+Au result, perhaps indicating minimal medium modification. On the other hand, the amplitude at small φ s appears significantly larger than in d+Au suggesting large medium effect. This might be counterintuitive at the first look. Due to jet-quenching, the near-side jets predominately emerge outward from the surface of the medium, so variation in the medium thickness the near-side jets traverse between in-plane and out-of-plane directions is not naively expected.
It has been shown by the inclusive dihadron correlation that the near-side correlation strength is enhanced in Au+Au with respect to p+p and d+Au collisions [10, 13] , and the enhancement is mainly due to the large contribution from the ridge [10, 11] . In order to investigate the underlying physics mechanism for the near-side structure change with trigger particle orientation, we separate contributions from the ridge and the jet-like component by analyzing the correlation data in two different ∆η regions [11] : |∆η| > 0.7 where the ridge is the dominant contributor and |∆η| < 0.7 where both the ridge and jet-like correlations contribute. Figure 13 (upper panel) shows the background-subtracted dihadron correlation function from |∆η| > 0.7 for trigger and associated particle p T ranges of 3 < p |∆η| > 0.7 correlation functions for all kinematic ranges are presented in Appendix A in Figs. 28 and 29) . The near-side correlation for |∆η| > 0.7 is due to the ridge because the jet-like contribution is mostly confined within |∆η| < 0.7. The ridge correlation shows a significant drop with increasing φ s . The ridge contribution is close to zero for trigger particles perpendicular to the reaction plane in the 20-60% centrality bin.
It has been recently suggested by the NeXSPheRIO model [64] [65] [66] that initial energy density fluctuations (hot spots) with subsequent hydro evolution may generate a near-side ridge and a double-peak correlation on the away side. The physics mechanism appears to be side-splashes of particles by the hot spot on the surface resulting in two peaks in the single particle azimuthal distribution event-by-event separated by about two radians [65, 66] . These two-peaked single particle distributions produce two-particle correlations of a near-side ridge and an awayside double-peak. The near-side ridge and the away-side double-peak are due to the same physics, and the nearside ridge amplitude should be larger (by a factor of two) than each of the two away-side peaks. This relative amplitude is a unique feature of the NeXSPheRIO model because of the topology of particle distributions in the model [65, 66] . This feature is not observed in the outof-plane large ∆η correlations in data.
It has also been recently suggested based on the AMPT and UrQMD models [47, 49] that there may be large triangularity in the initial collision geometry event-by-event and those initial geometry fluctuations could produce a triangular anisotropy (triangular flow) in the final momentum space. Such triangular flow would result in three peaks at ∆φ = 0, 2π/3, and 4π/3 in the two-particle correlation, which appear to be qualitively consistent with the inclusive dihadron correlation data integrated over all reaction plane directions [13, 14] . The authors of Ref. [47, 48] thus attribute the ridge and the away-side double-peak to possibly triangular flow. Because the minor axis direction of the initial fluctuating triangular geometry is random with respect to the reaction plane or the participant plane, the three-peak structure in twoparticle correlation from triangular flow should be independent of φ s . However, the near-side peak of our dihadron correlation data decreases with increasing φ s and is consistent with zero at large ∆η with trigger particles out-of-plane, as shown in the upper panel of Fig. 13 as well as in Figs. 28 and 29 . These results suggest that triangular flow is not a major contribution to the measured dihadron correlations with high p T trigger particles.
We may estimate the effect of triangular flow fluctuations. In our 20-60% centrality range, model studies [47] [48] [49] as well as inclusive two-particle correlation measurements [50] indicate v 2 3 /v 2 2 ≈ 0.1 for our trigger and associated p T ranges. Using the v 2 parameters in Table I and  the background magnitudes in Table III , we obtain the v 3 effect on the dihadron correlations at |∆η| > 0.7 with p (t) T =3-4 GeV/c to be ±2Bv In order to make a quantitative estimate of the v 3 effect on our dihadron correlations, we include a ±2v
3 cos(3∆φ) term in Eq. (1) for our flow background. We then apply the zyam normalization procedure for background subtraction. Figure 14 shows the obtained dihadron correlation functions for |∆η| > 0.7 and 3 < p Fig. 13 . The away-side double-peak structure out-of-plane remains prominent, even with the significantly larger v 3 subtraction. The decreasing trend of the ridge magnitude from in-plane to out-of-plane is unaffected because a constant v 3 contribution over φ s is subtracted. Our results discussed later in the paper are also not affected qualitatively. These demonstrate that the main features of the measured near-side ridge and away-side double-peak in the dihadron correlations with high p T trigger particles, whether or not integrated over The near-side ridge correlation at large ∆η, after twoparticle ∆η acceptance correction, was found to be nearly uniform in ∆η [11] . If the ridge is uniform over the entire measured ∆η range, then the ridge can be readily subtracted by taking the difference between the raw (not background-subtracted) correlations from the small and large ∆η regions as
The coefficient A accounts for the ∆η acceptance difference between |∆η| < 0.7 and |∆η| > 0.7, and can be easily obtained from the acceptance ratio of the two ∆η regions. It can also be obtained by requiring the away side of the resultant average correlation magnitude to be zero because the away-side correlation (after ∆η acceptance correction) is also uniform within the measured ∆η range in the TPC [10] . We use the latter method to obtain A such that the resultant away-side average correlation signal within |∆φ − π| < 1 is zero, namely To quantify the near-side modification, we study the ridge and jet-like yields as a function of φ s . We extract the ridge yield in |∆η| > 0.7 and |∆φ| < 1 from the zyam background-subtracted correlations, such as those in the upper panel of Fig. 13 , by
We extract the jet-like yield in |∆η| < 0.7 and |∆φ| < 1 from the correlations of the jet-like component, such as those in the lower panel of Fig. 13 , by
Jet-like yield = 1
(15) Note the ∆η acceptance is not corrected in the ∆φ correlations of the ridge or the jet-like component; hence, neither are the extracted corresponding yields. The extracted ridge and jet-like yields are shown in Fig. 15 as a function of φ s in the 20-60% centrality bin. The boxes indicate the total systematic uncertainty; the individual sources of systematic uncertainties and their correlations have been discussed earlier in Sec. III. As seen from Fig. 15 , the jet-like yield is approximately independent of φ s in Au+Au collisions, and consistent with the d+Au data. The ridge yield in Au+Au collisions at small φ s (in-plane) is significant, but it decreases quickly with increasing φ s . The ridge yield at large φ s (out-of-plane) is consistent with zero. The ridge is dominated by events where trigger particles are within approximately 45
• of the event plane.
The trend of decreasing ridge amplitude with increasing φ s is seen in all measured p (a) T bins. To quantify this, we show in Fig. 16(a) and (b) the p (a) T dependence of the ratio of ridge yield in 75
• < φ s < 90
• and 30
• < φ s < 45
• , respectively, to that in 0 • < φ s < 15 • . Both trigger particle p T . The ridge yield out-of-plane is consistent with zero at all associated particle p (a) T for both the trigger particle p
Motivated by the preliminary version of our data, Chiu and Hwa [67] suggested that alignment between jet propagation and medium flow direction, likely to be found for in-plane trigger particles, may be responsible for the ridge; radiated gluons (within a small angle of the parton direction) become thermalized with the medium and combine with medium partons to form the ridge when they are aligned in the same direction. We note that this correlated emission of ridge particles with the medium flow direction may be rather general, not necessarily restricted to the recombination of radiated and medium gluons. For instance, it is possible that initial fluctuations of color flux tubes together with the stronger inplane transverse flow can produce similar effects [64, [68] [69] [70] [71] [72] . We discuss this color flux tube fluctuation model further in Sec. IV D.
There is strong experimental evidence suggesting that the jet-like component and the ridge are produced by different physics mechanisms [12, 41] , thus their p T dependences are expected to be different. To quantitatively study this, we show in Fig. 16(c) the ratio of the ridge yield to the jet-like yield for 0
• < φ s < 15
• . Again, the systematic uncertainties shown in boxes have already taken into account correlations among different sources of systematics. Within the systematic uncertainties, the ridge over jet-like component ratio appears to be constant over the measured p T . This may suggest, on the contrary to the other findings, that the ridge and the jetlike component may be of the same origin. However, it is possible that differences in the p (a)
T spectra of the jet-like and the ridge component are small for our trigger p (t) T ranges compared to our systematic uncertainties. The p T spectra of the jet-like component and the ridge will be further discussed below.
D. Connections between Near-and Away-Side
We have observed that the away-side amplitude in the π-region decreases strongly with increasing φ s , so T < 6 GeV/c. The associated particle p (a) T range is 1 < p (a) T < 2 GeV/c. The jet-like yield is from |∆φ| < 1 and |∆η| < 0.7 and the ridge yield is from |∆φ| < 1 and |∆η| > 0.7. Error bars are statistical. The systematic uncertainties are shown by the boxes. For the ridge yield they include those from anisotropic flow (indicated by the curves) and zyam background normalization. The systematic uncertainties on the jet-like component are due to leakage of jet-like correlations out to |∆η| > 0.7 and the assumption that the ridge is uniform in ∆η. The d+Au results in the jet and ridge regions are indicated by the filled and hallow arrows, respectively.
does the near-side ridge amplitude. We have also observed that both the away-side amplitude in the coneregion and the near-side jet-like amplitude remain approximately constant with φ s . This raises the question whether the near-side and the away-side are connected, or stem from the same physics origin, even though high p T trigger particles strongly bias the near-side towards surface emission. In order to gain further insights, we study the near-and away-side correlation properties together as a function of φ s and p T . Figure 17 shows the average correlation amplitudes of the away-side π-region and cone-region and the near-side ridge and jet-like component. The averages are taken within the same window size of ±0.39. The ridge amplitude is scaled by a factor of 2.45, which is approximately the acceptance factor to scale |∆η| > 0.7 to the entire ∆η range assuming a uniform ridge. The jet-like amplitude and the cone-region amplitude have a similar dependence on φ s . The similarity suggests that the near-side jet-like component and the away-side cone-region might be closely related. This is expected when the away-side parton loses a significant fraction of its energy into the conical emission of particles [20] . Figure 17 also shows that the ridge amplitude and the away-side π-region amplitude have a similar dependence on φ s . The magnitudes are also similar between the ridge and the π-region. This is especially true for the lower p (t) T range. On the other hand, the jet-like and cone-region amplitudes have a rather different dependence on φ s than the ridge and π-region amplitudes. This suggests that the near-side ridge and the away-side π-region may be connected. On the contrary, they seem not connected to the jet-like component or to the component in the coneregion.
There are many other experimental evidences suggesting that the ridge and the jet-like component may be unrelated in physics despite of the apparent correlation between the ridge and the high p T trigger particle. For example, three-particle correlations suggest that the pro-TABLE IV: Inverse slope parameter T (MeV/c) from an exponential fit to the associated particle pT spectra of correlated amplitudes in different ∆φ regions: dN/(pT dpT ) ∝ exp(−pT /T ). Systematic uncertainties for the jet-like spectra and the (π-region − ridge) spectra are small. Statistical and systematic uncertainties on inclusive charged hadron spectrum are both negligible.
0
• < φs < 45
T < 6 GeV/c Jet-like 465 ± 6(stat) 518 ± 13(stat) 460 ± 6(stat) 518 ± 14(stat) Cone-region 343 ± 2(stat)
duction of the jet-like component and the production of the ridge are uncorrelated [12] . The particle composition of the ridge was found to be similar to that of the bulk medium [41] . The ridge magnitude was observed to be rather independent of the trigger particle p
T , persisting to very large p T trigger particles vary greatly, and yet the ridge is independent of p (t)
T . This, again, suggests that the ridge and the jet-like component may be unrelated.
It has been recently suggested that the ridge may be generated by fluctuations of color flux tubes stretched between the colliding nuclei at the initial time of contact [64, [70] [71] [72] . The ridge particles from the color flux tubes near the surface of the collision zone are boosted radially by the medium expansion, becoming correlated in relative azimuth. If the ridge is indeed due to color flux tube fluctuations, i.e. entirely from the medium without connection to high p T trigger particles, then the meaning of "near side" as defined by the high p T trigger particle bears no significance to the ridge. In such a case, there ought to exist a ridge partner on the away side due to symmetry, i.e. a back-to-back ridge. In addition, it is conceivable that the ridge would be stronger along the reaction plane direction where both the flux tube strength and the medium flow are stronger. This would natuarally explain our observation that the ridge decreases from in-plane to out-of-plane and the ridge amplitude and the π-region amplitude trace other other. The trigger particles in the in-plane direction happen to have ridge particles associated within a narrow ∆φ region (near-side), while those trigger particles out-of-plane cannot accidentally pick up ridge particles to be within a narrow ∆φ azimuth. In fact, the above mechanism where the ridge particles are aligned with the trigger particle in azimuth is similar to the ridge formation mechanism proposed in the Correlated Emission Model [67] ; however, the underlying physics is quite different.
Examining the p T dependences of the different correlation components can give further insights into the physics mechanisms responsible for their formation. We show in Fig. 18 the p T < 5 GeV/c in the right panels. Note that the upper panels and the lower panels have the same order of magnitude span in their coordinates, so the spectral shapes can be readily compared.
To investigate the spectral shapes quantitatively, we fit an exponential function to the spectra. The inverse slopes from the fits are tabulated in Table IV . The systematic uncertainties of the fitted inverse slope parameters have already taken into account the correlations in the various sources of systematic uncertainties of the spectra. As expected, the jet-like spectra are harder for the higher trigger p
T range. The difference in the jet-like spectra between in-plane and out-of-plane is small. On the other hand, the cone spectra do not seem to depend on trigger particle p (t) T , nor trigger particle orientation relative to the reaction plane. The cone-region appears to be universal. In addition, the cone spectra are significantly softer than the jet-like spectra, suggesting a different production mechanisms for the near-side jet-like correlated hadrons and the away-side conical emission hadrons. Yet, the hadron yields in the jet-like correlation region and in the cone-region appear to trace each other. This would be a natural consequence if the awayside parton, in rough energy balance with the near-side jet, loses most of its energy to conical flow [18] .
It is interesting to note that the π-region hadrons are similar to the conical emission hadrons in the inplane direction; however, in the out-of-plane region they are softer. In fact, the out-of-plane hadrons in the π-region are not much different from the inclusive hadrons in their p T distributions. In the scenario of only jetquenching, the in-plane away-side partons do not have enough medium to interact in 20-60% Au+Au collisions to completely wash out their identity. On the other hand, the out-of-plane away-side partons have a longer pathlength and the lost energy appears to have equilibrated with the medium, a result found in the inclusive dihadron correlation in central collisions [10] . Surprisingly, the ridge particles are relatively hard, not much softer than the jet-like particle spectra (see Fig. 18 and Table. IV ). Yet, the φ s dependence of the ridge yield is completely different from that of the jetlike yield. We note that the ridge spectrum measured at larger p (a) T > 2 GeV/c is significantly softer than the jetlike hadron spectrum also at large p (a) T [11] , suggesting that the ridge might be related to the medium. If the ridge comes from the medium, then our result implies that it is not a simple uniform share of medium particles at our measured relatively low p (a)
T because the ridge particles are harder than the bulk medium particles.
For the associated particle p T range of 1 < p (a) T < 2 GeV/c shown in Fig. 17 , the π-region amplitude is slightly smaller than the ridge amplitude for 3 < p
T , the π-region amplitude is generally larger than the ridge amplitude. For the higher trigger p T range of 4 < p (t) T < 6 GeV/c, there appears an excess of particles in the away-side π-region over those in the near-side ridge for all p (a)
T bins. The excess appears to be insensitive to φ s . Experimentally, it is interesting to examine the p T dependence of this excess by taking the difference between the away-side π-region and the nearside ridge. This difference is rather robust because all the systematic uncertainties cancel. The difference (excess of particles in the away-side π-region over the near-side ridge) is shown as diamonds in Fig. 18 . It is remarkable to note that the p T spectra of those excess particles are rather similar between in-plane and out-of-plane in terms of their inverse slopes. Direct comparison is made in the lower panels where the excess particle spectra in the upper panels are superimposed in the corresponding lower panel as dotted lines. The agreement is excellent for the trigger particle 4 < p T for the lower trigger p (t) T range. We found the agreement persists in each individual φ s slice. Those excess particles have rather soft p T 's, similar to the inclusive charged hadrons. This is already evident from the ridge and π-region spectra; the awayside π-region spectra are softer than the ridge spectra. If the ridge is generated by fluctuating color flux tubes and is back-to-back [64, [70] [71] [72] , then the excess particles in the away-side π-region must come from other physics mechanisms. One such mechanism is punch-through jets. However, it is counterintuitive to have a much softer spectrum for punch-through jet-like particles, as well as the agreement between in-plane and out-of-plane directions. Another mechanism is statistical global momentum conservation to balance the extra momentum carried by the ridge particles (because they are harder than the particles in the π-region). However, one may expect a somewhat harder spectrum for the recoil from statistical global momentum conservation than the inclusive spectrum [73] .
E. Properties of the Correlation Peaks
To characterize the structure of the correlation functions, we fit the large-∆η azimuthal correlations with two away-side Gaussian peaks symmetric about ∆φ = π and two ridge Gaussians (at ∆φ = 0 and π) with identical widths. We allow the ridge Gaussian magnitudes to vary independently because physics mechanisms other than the back-to-back ridge can also contribute to the π-region as discussed earlier. The fit results are shown by the curves in Fig. 19 near-side ridge ratio for 3 < p (t) T < 4 GeV/c is generally larger than unity at low p T < 6 GeV/c the fit error is too large to draw a firm conclusion.
We study the peak positions and the Gaussian widths of the various components in the dihadron correlation obtained from our four-Gaussian fit. The Gaussian widths are shown in Fig. 20(a) as a function of φ s for the associated particle p T , and is wider than the near-side jet-like peak. It is interesting to note that the ridge peak width does not depend on associated particle p T . This is in contrast to the ∆φ width of the jet-like peak. This may be taken as a confirmation that the ridge and the jet-like component, both on the near side of the trigger particle, may come from rather different physics mechanisms.
For comparison, we fit the near-side jet-like ∆φ correlation in minimum bias d+Au collisions [which was also Figure 21(a) shows the conical emission peak angle as a function of φ s for two associated particle p (a)
T bins. The peak angle is approximately constant for φ s < 45
• . For φ s > 45
• it increases with increasing φ s , and becomes somewhat different for low and high associated particle p (a)
T . The larger conical emission peak angle for out-ofplane trigger particles may be due to a more significant influence from medium flow. For the in-plane orientation, the conical emission hadrons from the away side are likely aligned with the medium flow, receiving only a small deflection to their p T . Moreover, the overlap collision zone is thinner in the in-plane direction, thus the away-side correlated hadrons can escape the collision zone more easily. For the out-of-plane orientation, on the other hand, the conical emission hadrons move more or less perpendicularly to the medium flow direction because of the long path-length they have to traverse. They receive a large side-kick from the medium flow, broadening their final emission angle. T for in-plane, out-of-plane, and all trigger particle orientations. The peak angle is relatively independent of the associated particle p (a) T for in-plane trigger particles. They may more closely reflect the average emission angle of correlated away-side hadrons because the medium flow effect is expected to be small, as discussed above.
On the other hand, the emission peak angle for the out-of-plane orientation is larger, consistent with a larger broadening effect from the medium flow. However, the angle position increases with p (a) T , which is naively not expected if those particles are pushed by media with the same flow velocity. We note that the medium flow can either broaden or shrink the conical emission angle, depending on the relative orientations of the conical emission direction and the direction of the flow. Investigations of medium flow effects on the conical emission require realistic dynamical modeling which is outside the scope of this paper.
It is also worthwhile to note that the peak positions reported here are from fits to dihadron correlations. They are different from those obtained from three-particle correlations [21] where the conical emission angle was found to be independent of the associated particle p (a)
T . The conical emission angle from the three-particle correlation fit is cleaner because the peaks are more cleanly separated in the two-dimensional angular space, while the fit to dihadron correlations is more affected by other physics effects. One such effect is jet deflection [74, 75] , which was found to be present by three-particle correlations where the diagonal peaks are stronger than the off-diagonal conical emission peaks [21] .
V. CONCLUSIONS
Dihadron azimuthal correlations in non-central 20-60% Au+Au collisions are reported by the STAR experiment as a function of trigger particle azimuthal angle relative to the event plane (φ s = |φ t − ψ EP |) in six equalsize slices. The φ s dependence of the dihadron correlation signal, as well as the trigger and associated particle transverse momentum (p T ) dependences, are studied. Minimum-bias d+Au collision data are presented for comparisons. The correlation functions are also obtained for small and large pseudo-rapidity separations (|∆η|) independently in order to isolate the jet-like and ridge (long range ∆η correlation) contributions. The resulting jetlike and ridge components are studied as a function of φ s , trigger particle p (t)
T and associated particle p T . The zyam background subtraction method is described in detail. The flow correction is carried out to the order of v 2 v 4 . The systematic uncertainties in the background subtraction are extensively discussed. The effect of possible triangular flow fluctuations is not subtracted. The triangular flow effect, just as the elliptic flow, may be dominating the untriggered two-particle correlations without a high p T trigger particle. However, in our dihadron correlations with high p T trigger particles, the effect of the triangular flow is relatively small. We estimated the triangular flow effect using both AMPT and UrQMD model results as well as the untriggered two-particle correlation measurements. The estimated v 3 maximum-minimum modulation is only about 20% compared to our dihadron correlation amplitude.
The dihadron correlations are strongly modified in Au+Au collisions with respect to minimum-bias d+Au collisions. The modifications strongly depend on the trigger particle orientation relative to the event plane and evolve with associated particle p T dependences of the correlation functions are quantitatively similar in the two trigger particle p (t) T ranges.
The away-side dihadron correlation broadens from inplane to out-of-plane by nearly a factor of 2 in rms. The away-side correlation for φ s < π/6 is single-peaked, independent of p (a) T , and not much wider than in d+Au, while the amplitude is larger than the d+Au data. For φ s > π/6, the away-side double-peak structure starts to develop and becomes stronger for increasing φ s and increasing p (a)
T . The strongest double-peak structure is found at large p (a)
T in the out-of-plane direction.
The away-side dihadron correlation amplitude at ∆φ = π drops from in-plane to out-of-plane, while that in the cone-region remains approximately constant over φ s . For in-plane φ s , the amplitude ratio in the π-region to the cone-region increases with p (a) T , consistent with d+Au and qualitatively consistent with punch-through jets or away-side jets not interacting with the medium. However, the individual amplitudes in these two regions are both higher than in d+Au, suggesting other physics mechanisms at work. For out-of-plane φ s , the amplitude ratio decreases strongly with p (a)
T , opposite to expectations from punch-through jets.
The trends of the away-side modification underscore the importance of the path-length that the away-side parton transverses in the medium. The away-side medium path-length in the reaction-plane direction in 20-60% Au+Au collisions is modest and may not be enough to generate significant modification to the away-side correlation. The strongest modification is found for trigger particles perpendicular to the reaction plane where the away-side medium path-length is the longest.
The near-side dihadron correlation amplitude decreases with increasing φ s . The decrease comes entirely from the decrease in the ridge. The ridge is extracted from correlations at |∆η| > 0.7. Its amplitude is found to decrease with increasing φ s significantly in the 20-60% centrality. A ridge with much smaller amplitude is found for trigger particles perpendicular to the event plane. This feature is present for all associated particle p (a)
T , and appears to be independent of p (a)
T . The jet-like contribution to the near-side correlation is extracted from the difference between small-and large-∆η azimuthal correlations, subject to small experimental systematic uncertainties. The jet-like contribution is constant from in-plane to out-of-plan within our systematic uncertainties, and is found to be the same as in d+Au collisions.
The different behaviors of the jet-like component and the ridge with respect to φ s suggest that their production mechanisms are different. The jet-like component is insensitive to the reaction plane and appears to be universal, suggesting in-vacuum jet-fragmentation of partons whose production is biased towards the surface of the collision zone by requiring the high p T trigger particles. The strong dependence of the ridge on the reaction plane suggests its origin to be connected to the medium, not to the jet.
It is found that the near-side jet-like yield and the away-side cone yield both have little dependence on φ s . The jet-like spectral shape and conical emission hadron spectral shape do not change with φ s ; however, the coneregion spectra are softer than the jet-like spectra. The jet-like spectrum for 4 < p (t) T < 6 GeV/c is somewhat harder than that for 3 < p (t) T < 4 GeV/c, while the cone spectra remain the same between the two trigger p (t)
T ranges. These results suggest that the away-side conical emission hadrons are related to the away jet partner, in approximate energy balance with the near-side jet, but their production mechanism is different from that of jet fragments. The near-side jet-like correlated hadrons are likely produced from in-vacuum fragmentation, while correlated hadrons in the away-side cone-region likely emerge from conical flow, which is related to medium properties.
On the other hand, the near-side ridge and the awayside π-region appear to trace each other as a function of φ s , and also approximately as a function of p (a)
T , suggesting the possibility of a back-to-back ridge. This would be consistent with the recent suggestion that the ridge may be generated by fluctuations in the initial color flux tubes focused by transverse radial flow. Such a picture would also explain the decreasing ridge from in-plane to out-of-plane because both the color flux tubes and the radial flow are the strongest along the in-plane direction. However, it remains unclear why the ridge particles are much harder than inclusive hadrons.
The dihadron correlation structure is fit with a fourGaussian model representing a back-to-back ridge and an away-side conical emission. The fitted conical emission angle increases from in-plane to out-of-plane. The larger conical emission angle out-of-plane may be due to the effect of medium flow. For in-plane trigger particles, the away-side conical emission angle is approximately constant over the associated particle p To summarize our main findings, high p T triggered jets are biased towards surface emission, and the jet fragmentation is hardly modified by the medium. Away side partner jets interact maximally with the medium in the direction perpendicular to the reaction plane. These interactions result in a conical emission of correlated hadrons and the strong double-peak correlation structure on the away side. The near-side jet-like component and the conical emission hadrons appear to have a fixed relative energy balance. The near-side jet-like component is accompanied by the ridge in the reaction-plane direction. The ridge magnitude drops rapidly with increasing φ s and largely disappears out-of-plane in mid-central 20-60% Au+Au collisions. The away-side π-region amplitude appears to trace the near-side ridge amplitude, suggesting a back-to-back ridge. The large hadron yield in the π-region with in-plane trigger particles results in a single correlation peak on the away side, even though the cone hadron yield is as appreciable as for other trigger particle orientations. The most natural explanation for our results seems to be the combination of a nearside in-vacuum jet-fragmentation, a back-to-back ridge in the reaction plane, and an away-side conical emission induced by jet-medium interactions. 
